Status of multi-beam long trace-profiler development 
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ABSTRACT 

The multi-beam long trace profiler (MB-LTP) is under development at NASA’s Marshall Space Flight Center. The 
traditional LTPs scans the surface under the test by a single laser beam directly measuring the surface figure slope 
errors. While capable of exceptional surface slope accuracy, the LTP single beam scanning has slow measuring 
speed. Metrology efficiency can be increased by replacing the single laser beam with multiple beams that can scan a 
section of the test surface at a single instance. The increase in speed with such a system would be almost 
proportional to the number of laser beams. The progress for a multi-beam long trace profiler development is 
presented. 
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1. INTRODUCTION 

Future x-ray astrophysical missions would require sub -arc- second x-ray optics with few meters effective area, which 
translates into the need for metrology instrument capable of measuring the optical figure of large area surface for 
fabrication and optical performance prediction purposes. That necessitates the development of the figure metrology 
instrument with sub-micro-radian accuracy and short data acquisition time. The long trace profiler (LTP) is a slope- 
measuring instrument widely used for figure metrology of grazing incidence X-ray optics and it fulfills the 
metrology accuracy requirement. However, the LTP is scanning instrument that measures the slope change between 
the measuring points on the surface under the test, so it is relatively slow. Moreover, because the point-by-point 
scanning approach the LTP is sensitive to the environmental instabilities, so averaging over multiple scans is 
necessary in order to achieve high accuracy of the surface slope measurements. That increases the data acquisition 
time even further. 

MSFC uses a vertical LTP [1],[2 ^ 3] to measure the profiles of outer surface figure of cylindrical mandrels, and the 
inner surface of the replicated full-shell and segmented X-ray mirrors. In this the surface under the test is placed 
vertically in order to minimize the contribution of the gravitational sag to the figure profile of the surface under the 
test. The MSFC’s vertical LTP uses He-Ne laser as the source of light. 
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The LTP is the pencil beam interferometer. 

The schematic of the LTP is shown in Figure 
1. The LTP uses a single laser beam to scan 
along the test surface. The polarized laser 
beam is split into two beams by a beam 
splitter. One of the beams gets reflected off 
the reference mirror while the other reflects off 
a test surface. The purpose of the reference 
beam is to correct the errors due to the motion 
of the optical components. The reflected 
beams focused on the detector by a Fourier 
Transform (FT) lens. The position of this 
beam on the detector with respect to the 
reference beam position gives the change in 
mirror surface slope at each scan point 
compared to the previous scan point. The 
position of the beam is calculated using a 
centroid algorithm. The slope profile measured 
can be then integrated to obtain the height 
profile of the surface under the test. The slope resolution possible with this system is <1 grad, which is adequate for 
fabrication of 1-2 arc second class optics. The data acquisition rate is roughly 1 point per second for single scan. 

The data acquisition rate could be improved if the LTP would simultaneously collect the slope data from multiple 
points on the surface under the test. In the multi-beam LTP (MBLTP) approach, the single laser beam is replaced 
with multiple beams which simultaneously measure a section of test surface in a single instance [4] ’ [5] . Therefore, the 
time of measurement can be reduced at a rate proportional to the number of laser beams. Figure 2 shows the basic 
optical layout of the MBLTP approach, in which a laser beam exiting the source is split into multiple equal intensity 
beams of defined spatial and angular separation. A polarizing beamsplitter then splits the beams into reference and 
test paths as discussed before. The FT lens then focuses the beams exiting the interferometer onto a 2D detector. 



Figure 1. The schematic of the traditional LTP. Polarization 
preserving wave plates are not shown 



Figure 2. The schematic of the multi-beam LTP. Polarization preserving wave plates are 
not shown 


A collaborative effort has been made to develop a new LTP in which the single laser scanning beam of classical 
LTP is replaced with multiple beams [4] ’ [5] . In order to utilize multiple beams the LTP optical elements had to be 
redesigned and the MBLTP optical board breadboard was assembled for the proof-of-concept study. We are 
reporting the further progress in the MBLTP development. 



Figure 3. Geometrical layout of multiple-beam generating etalon. One side of the 
etalon has a customized gradually transmitting coating while the central region of 
other side has 100% reflective coating. 


2. Multi-beam LTP 


Obtaining multiple equal-intensity beams of desired spatial and angular 
separation is a technical challenge and the wedged etalon beam splitter 
has been designed and fabricated for the task. Such beam splitters have 
been used for wafer curvature measurements [6] , for strain monitoring in 
thin films [7] , as well as to produce multiple, equal-intensity beams for 
two-dimensional beam steering [8] and for a galvanometric scanner of a 
confocal scanning microscope [9] . The schematic of the beamsplitter is 
shown in figure. The etalon has a 50 mm x 50 mm dimension with a 
thickness of 3 mm and a wedge angle (y) of 60 pradian. The etalon 
beamsplitter is designed to produce ten beams with angular separation of 
250 microradians. The spatial separation of the beams is defined by the 
thickness of the etalon while the angular beam separation is defined by 
the wedge angle. The angular beam separation sets the initial positions 
of the beams on the LTP detector. The change in the slope of the surface 
under the test between the scan points would result in the change in 
position of a beam. The etalon has a gradually transmitting silver coating 
on one of the surfaces to obtain almost equal intensity off the outgoing 
beams. The central region of the other surface of the etalon has a silver 
coating with zero transmission and the outer region have an 
antireflection coating, enabling 100% beam input into the etalon. The 
etalon is designed to split the laser beam that is incident at an angle of 
49.5° into 10 equal intensity beams. One of the ethalons fabricated for 
the multi-beam LTP is shown in figure 4. 



Figure 4. Etalon beamsplitter installed at 
the multi-beam LTP breadboard. 


The FT lens of 500 mm focal length was custom designed. The design is challenging given to the requirements of 
low wave front distortion in order to minimize the effect of the lens on systematic errors and wide lateral range 
required to accommodate multiple beams and the large angular range of the surface slope that is desired to be 
measured. The final design is an air-spaced doublet and this lens was fabricated by Optimax Systems Inc. [10] . 

The 500 mm focal distance was decided in order to avoid the use of folding mirrors, which are necessary for larger 
focal distance of the lens, but can cause systematic errors. In order to preserve the resolution of the LTP the detector 
with pixel size smaller than 25 microns, the pixel size of existing MSFC’s LTP detector. JAI AM 1600 GE camera 
manufactured by 1 st Vision Inc [11] is used for the multi-beam LTP, it has 7.4 pm pixel size with 36.1 mm x 24 mm of 
active area. 



Figure 5. Ten signal and one reference beams on the Figure 6. Redesigned opticsl board of the MBLTP. The view is from 
detector behind of the detector. 




Figure 7. The MBLTP during slope measurements of 50 mm diameter mirror. 

The reference mirror is shown on right 

A breadboard of the multi-beam LTP optical board was assembled. The initial tests were carried out with the optical 
board assembled on a manual mechanical stage. The reference mirror was installed outside of the breadboard. The 
Lab View™ based LTP control software provided by Lawrence Berkeley National Laboratories was modified at 
MSFC for the detector. The software was also modified to track eleven laser beams representing the slope of the 
surface under the test at ten positions and the one position at the static reference mirror. In order to speed up the data 
collection with the MBLTP a partial frame readout of 4872x800 pixels was used. This translates in a readout speed 



of 1.5 fps. The distance between the detector and the FT lens was optimized by minimizing the beam sizes at the 
detector. An example of the beam pattern at the detector is shown in figure 5. 

A curved mirror was used to calibrate the multi-beam LTP The mirror profile was measured using the MBLTP 
breadboard installed on the manual mechanical stage. The data collected for each beam were stitched together and 
compared to the slope profile of the curved mirror measured using the ZYGO interferometer. The calibration factor 
converting the pixel size into the surface 
slope was varied to achieve the best fit 
between the data collected by the 
MBLTP breadboard and the 
interferometer. The best fit was obtained 
at 7.47 micro-radians per pixel. 

After completion of the calibration tests 
the breadboard was redesigned to fit 
smaller footprint and installed on an 
Aerotech ABL1500 linear air-bearing 
stage with 400 mm travel. The picture of 
redesigned optical board is shown in 
figure 6. The Lab View software was 
modified to control the stage. The stage 
was placed on the raisers so the 
measurement of inner surface of 
cylindrical mirror shells with up to 500 
mm diameter be possible. The MBLTP 
optical board positioned on the air- 
bearing stage is shown in figure 7. 

For the proof-of-concept demonstration a 
central strip of a curved 50 mm diameter 
sample has been measured. The optical 
board was moved in 1 mm steps during 
the measurements and the software 
tracked and recorded the positions of 
each beam on the detector during the scan. The scan was completed in 25 seconds, compared to the acquisition time 
of the traditional LTP for the same sample to be about 1 minute. The data collected for each beam were stitched 
together in accordance with the angular and spatial beam separation and compared to the slope profile of the curved 
mirror measured using the ZYGO interferometer. The slope profiles of the flat mirror measured with the LTP and 
the interferometer are shown in figure 8. Note, most of the slope profile of the flat mirror measured with the LTP 
represents an average of ten scans by individual beams. 

We are planning to continue the multi-beam LTP calibration experiments. The results of the systematic error 
analysis for the instrument will be presented in near future. 

3. CONCLUSIONS 

A multi-beam LTP is under development at MSFC in collaboration with Lawrence Berkeley National laboratory and 
Brookhaven National Laboratory. This instrument uses multiple beams to make simultaneous measurements in a 
single instance axis of scan of the test surface. This leads to a significant increase in the rate at which surface profile 
metrology of grazing incidence optics can be done. 

Proof-of-concept tests have demonstrated viability of the multi-beam LTP approach. Incorporation of an air-bearing 
stage with the multi-beam LTP optical board a. Experiments to estimate the accuracy of the slope measurements by 
the MBLTP and the possible measurement rate will be performed after that. 



Figure 8. The slope profile of a curved mirror measured with the MBLTP 
(green line) compared to the slope profile measured with the ZYGO 
interferometer (black line). 


This proof of concept study forms the groundwork for a future modular metrology approach where-in an entire 
length of a test surface can be measured in a single instance using multiple optical beams and also multiple 
frequencies can also simultaneously be measured. 
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